Objective-A low level of plasma high-density lipoprotein cholesterol (HDL-C) is a major risk factor for coronary atherosclerosis. To identify novel genes regulating plasma HDL-C levels, we investigated 13 multigenerational French Canadian families with an average of 12 affected individuals per family for genome-wide signals, which we subsequently fine mapped. Methods and Results-We genotyped a total of 362 individuals, including 151 affected subjects for 485 autosomal microsatellite markers. In parametric 2-point linkage analyses, the highest 2-point logarithm of odds (lod) score of 4.6 was observed with marker D4S424 on chromosome 4q31.21 (at Ϸ142 Mb). The multipoint analysis of this region resulted in a lod score of 3.8 and a lod Ϫ1 region of 12.2 cM, containing 40 known genes. The results were obtained by allowing for genetic heterogeneity among these extended pedigrees, and Ϸ50% of families were linked to this region with the highest single-pedigree lod score being 3.6. We further restricted the linked region from 12.2 to 2.9 cM (2.37 Mb) by genotyping 15 additional markers in the 3 families with the highest lod scores. We sequenced 4 genes with a likely role in lipid metabolism as well as 2 genes residing directly under the linkage peak but found no evidence for a causative variant. None of the genes residing in the significantly restricted 2.37-Mb region has been associated previously with HDL-C metabolism. Conclusion-This study provides significant evidence for a gene influencing HDL-C on chromosome 4q31.21.
P lasma high-density lipoprotein cholesterol (HDL-C) is a quantitative trait in which complex interactions of several genes and environmental factors determine the plasma levels in the general population. A decreased level of plasma HDL-C is a major risk factor for coronary atherosclerosis. Furthermore, aggregation of other cardiovascular risk factors including features of the metabolic syndrome is typical in patients with low HDL-C. 1, 2 The genetic component, estimated to determine Ϸ50% of plasma HDL-C variability, has been investigated heavily to identify genes regulating plasma HDL-C levels. 3 Previously, complex quantitative traits have been suggested to be caused by common sequence variants, each with a small to moderate phenotypic effect. 4, 5 However, most recent studies suggest that rare and common variants confer the susceptibility to low plasma levels of HDL-C in the general population, 6, 7 although the extent to which each group contributes to this susceptibility is currently not known.
HDL has a key role in reverse cholesterol transport (RCT), mobilizing cholesterol from the peripheral tissues to liver.
This mechanism contributes to the cardioprotective effect of HDL. In RCT, the ATP-binding cassette transporter A1 (ABCA1) protein controls efflux of intracellular cholesterol to lipid-poor apolipoprotein A-I, the major apolipoprotein of HDL. Interestingly, ABCA1 mutations were discovered to cause Tangier disease, a rare recessive HDL deficiency, 8, 9, 10 and sequence variants in ABCA1 also appear to contribute to variations in plasma HDL-C levels in the general population. 6, 7 Recent evidence further shows that 2 other ABC transporters, ABCG1 and ABCG4, mediate the efflux of cellular cholesterol to smaller and larger HDL subclasses, HDL2 and HDL3, which constitute the bulk of the plasma HDL. 11 Genes implicated in rare Mendelian forms of HDL deficiency include apolipoprotein A-I and lecithin cholesterol acyltransferase; 12, 13 and genes implicated in candidate gene studies include apolipoproteins and the enzymes remodeling HDL. 14, 15 The previous genome-wide scans have also identified 6 chromosomal loci for HDL-C: a locus on chromosome 8q in Mexican Americans and Finns; 16, 17 loci on 15q and 9p in Mexican Americans; 16, 18 a locus on 11q23 in 105 Utah coronary heart disease families; 19 and loci on 16q and 20q in Finns. 17, 20 However, DNA sequence variants contributing to variation in plasma levels of HDL-C in the general population are largely unknown, especially regarding the prevalence of variants with major effects.
We performed a genome scan in 13 extended multigenerational French Canadian families, each exhibiting affected individuals in consecutive generations. Importantly, families with a defect in cellular cholesterol efflux or previously known ABCA1 mutations were excluded. This was done to minimize confounding factors and to identify genes with novel functions. We also anticipated that extended families with an average of 12 HDL-C-affected individuals per family could provide a powerful approach for the identification of genes contributing to the complex HDL-C trait, especially when allowing for heterogeneity and thus assuming that the same gene is causative within a multigenerational family but not necessarily between all families. The selection criterion for probands was an HDL-C level less than the fifth age-/sex-specific population percentile based on the Lipid Research Clinics Population Studies Data Book, as described previously. 21 Exclusion criteria for the probands were as follows: severe hypertriglyceridemia (Ͼ10 mmol/L), cellular cholesterol efflux or phospholipid efflux defect in skin fibroblasts, or previously known ABCA1 mutations. All available living relatives were invited to participate in the study. Family members were sampled after a 12-hour fast and discontinuation of lipid-modifying medications for Ն4 weeks. Demographic and clinical information, medications, and lipoprotein profiles were determined on all subjects. In the 13 extended families, there were 151 subjects affected using the HDL-C less than or equal to the 10th age-/sex-specific population percentile. Table 1 shows the phenotypic characteristics of the family members.
Materials and Methods

Subjects
Biochemical Measurements
Lipids and lipoproteins were measured using standardized techniques as described previously. 9, 22 Low-density lipoprotein cholesterol (LDL-C) was calculated according to the Friedewald formula [LDL-C (mmol/L)ϭtotal cholesterolϪ(triglycerides/2.19ϩHDL-C)], unless the triglycerides were Ͼ4.5 mmol/L. In this case, ultracentrifugation of plasma was used and lipoprotein lipid concentration measured directly. Cellular cholesterol efflux and phospholipid efflux assays have been performed on the probands as described previously. 9, 22, 23 
Genotyping and Sequencing
The genome scan was executed using 485 autosomal microsatellite markers covering the human genome with an average marker density of Ϸ6 cM. DNA from 362 individuals in the 13 French Canadian HDL-C families was genotyped by deCODE Genetics, Reykjavik, Iceland, using the Applied Biosystems automated DNA sequencing system. The genome-wide scan marker sets by deCODE Genetics are based partly on the ABI JD Marker Linkage set and partly on the in-house designed and validated markers originally selected from the Marshfield genetic map. For fine mapping of chromosome 4q31.21, a total of 15 additional fine mapping markers with heterozygosity values Ͼ0.50 were analyzed in 155 individuals of the 3 families with the highest logarithm of odds (lod) scores. Their genotyping was also performed by the deCODE Genetics using the Applied Biosystems automated DNA sequencing system.
Sequencing of the RAB33B, a member of the RAS oncogene family (RAB33B), TBDN100 transcriptional coactivator tubedown-100 (TBDN100), uncoupling protein 1 (mitochondrial, proton carrier; UCP1), ATP-binding cassette, subfamily E (OABP), member 1 (ABCE1), solute carrier family 7, (cationic amino acid transporter, yϩ system) member 11 (SLC7A11), and protocadherin 18 (PCDH18) genes was performed using the dye termination method and the Applied Biosystems automated DNA sequencing system.
Statistical Analyses
We performed parametric 2-point linkage analyses of all 485 microsatellites using the Mendel program 24 under the assumption of a recessive mode of inheritance. The Mendel program was selected because it allowed us to keep these extended families intact in the 2-point analyses. For these analyses, subjects were coded as affected or unaffected based on the 10th age-/sex-specific percentiles for HDL-C. We performed the analyses of this complex trait by allowing for heterogeneity because ignoring locus heterogeneity significantly decreases the power to detect linkage. 25 We used a gene frequency of 8% based on an estimated Ϸ1% disease prevalence for low HDL-C and allowed for a 2% phenocopy rate to address the problem of incomplete penetrance.
We also conducted parametric multipoint analyses using the Location Score option of SimWalk2 (version 2.90) 26 on chromosomal regions with significant 2-point lod scores (Ͼ3.0) to further explore the linkage evidence obtained in the initial 2-point screening of all markers. Assuming again a recessive mode of inheritance, we incorporated the same parameters into the model as in the 2-point linkage analyses described above. The SimWalk2 Location Score option calculates lod scores under homogeneity (␣ϭ1.0) and by allowing for heterogeneity. The heterogeneity lod scores are maximized over a grid of possible ␣ values. The SimWalk2 program was also used to build the gene-specific haplotypes of the identified single nucleotide polymorphisms (SNPs).
Results
We performed a genome-wide scan of 13 extended multigenerational French Canadian families with 362 genotyped individuals (an average of 28 genotyped individuals per family) to identify genes regulating plasma HDL-C levels. These 13 families included 151 affected subjects, resulting in A total of 485 autosomal microsatellite markers were genotyped and tested for linkage using a recessive mode of inheritance. In the initial screening, we performed a 2-point linkage analysis for each marker on each chromosome by allowing for heterogeneity. We were able to keep all these extended families intact in the linkage analysis by using the Mendel program and thus to obtain all information about vertical transmissions in the families. The results of the 2-point analyses are shown in Figure 1 . The highest 2-point heterogeneity lod score of 4.6 was observed with marker D4S424 on chromosome 4q31.21 (at Ϸ142 Mb), and Ϸ50% of families were linked to this chromosomal region ( Figure  1 ). It is noteworthy that separately, 1 of the families with 86 genotyped individuals of which 39 were affected provided a lod score of 3.6 (with a posterior probability of linkage of 0.9998) with marker D4S424 using the Mendel program. The next most significant family resulted in a 2-point lod score of 1.8 (with a posterior probability of linkage of 0.9834) with marker D4S424. Peak markers for other chromosomes resulting in lod scores Ͼ1.0 are also indicated in Figure 1 . Markers on chromosomes 2, 12, 14, 15, and 16 resulted in lod scores Ͼ1.0 ( Figure 1) .
We performed the multipoint analyses using the Location Score option of SimWalk2 (version 2.90) only for the regions that showed significant evidence for linkage in the initial screening with the 2-point linkage analysis to further explore the interesting signals of potential linkage evidence by multipoint. The multipoint analysis of the 4q31.21 region resulted in a lod score of 3.8 and a 12.2-cM lod Ϫ1 region ( Figure 2) . Separately, the same family that produced a 2-point lod score of 3.6 produced a multipoint lod score of 3.8. Again, Ϸ50% of the families were linked to the region in the multipoint analysis. It is worth noting that the average marker density for this linked region in the genome scan was 1 marker/9.4 cM, affecting the information content of the multipoint analysis. The description of the gene symbols and exact positions of the genes residing in the lod Ϫ1 region are shown in supplemental Table I (available online at http://atvb.ahajournals.org).
We fine mapped the 12.2-cM region on 4q31.21 by genotyping a total of 15 additional microsatellite markers. In the initial scan, we had genotyped 3 markers (D4S1527, D4S424, and D4S2962) for this region. This strategy resulted in a marker density of 1 marker/0.68 cM. We genotyped the additional 15 markers in 155 individuals of the 3 families with the highest lod scores and performed the multipoint analysis again using the Location Score option of SimWalk2 (version 2.90) with the same parameters as in the initial multipoint analysis. As a result, the lod Ϫ1 region was further restricted from 12.2 to 2.9 cM (Ϸ2.37 Mb; Figure 2 ). Of the 40 previous candidate genes, 10 reside within this restricted region of 2.37 Mb. Two of these genes, PCDH18 and SLC7A11, reside directly under the peak (Figure 2 ). The appearance of 2 peaks in this lod Ϫ1 region is more likely to be related to the marker frequencies (ie, the information content of the microsatellites) rather than to biological processes because 9 of the 22 genotyped microsatellite markers have a relatively low heterozygosity value between 0.5 and 0.7. Furthermore, there is a gap of 3.6 cM between markers D4S1586 and D4S3008, which reside in close vicinity of the second peak (Figure 2) , where no informative microsatellites (heterozygosity value Ͼ0.5) were found using the Marshfield, deCODE, or UCSC Human Genome Browser databases.
We sequenced probands of 2 linked families, including the proband of the family that produced the significant linkage signal alone, for the coding regions and exon-intron boundaries of all regional candidate genes with a probable role in lipid metabolism. Accordingly, the RAB33B, TBDN100, UCP1, and ABCE1 genes were sequenced. We also sequenced the PCDH18 and SLC7A11 genes that are located directly under the fine map peak (Figure 2) . None of the 17 identified variants in these 6 genes (Table II , available online at http://atvb.ahajournals.org) represent a missense or nonsense variant with obvious functional consequences, although the possibility of their regulatory role cannot be excluded without actual functional analyses. We investigated these 17 variants first in 5 affected individuals/family. The segregation of 10 of the 17 variants with the low HDL-C trait could not be ruled out by genotyping the 5 affected subjects per family (for rs numbers of the 10 variants, see Table II ). Therefore, we then genotyped these 10 SNPs in all family members of the particular family/families. None of the SNPs segregated with the low HDL-C trait in these extended families, nor did we find significant evidence for linkage with any of the SNPs using the Mendel program because all 10 SNPs resulted in lod scores Ͻ1.1. Finally, no gene-specific haplotypes segre- gating with the low HDL-C trait were observed using the SimWalk2 program.
Discussion
We identified a significant signal of linkage (a lod score of 4.6) for low plasma HDL-C on chromosome 4q31.21 in French Canadian families with low HDL-C. These extended families with an average of 12 low HDL-C-affected family members and an average of 28 genotyped individuals per family are very powerful to test for linkage because of the large number of potentially informative meioses in several consecutive generations. In the linkage analyses, we allowed for heterogeneity because plasma HDL-C is a quantitative trait likely regulated by variants of multiple genes interacting with environmental factors. We hypothesized that the underlying segregating variants conferring susceptibility to low levels of plasma HDL-C in these extended multigenerational families may well differ between the families but less likely within the families. The latter assumption is supported by the fact that these families are French Canadian, a regional population group known to exhibit a higher degree of genetic homogeneity when compared with more mixed populations. 27 Approximately 50% of families were linked to chromosome 4q31.21. After observing significant evidence for linkage in the total study sample, we investigated the families separately. In 1 single family with 86 genotyped individuals and 39 HDL-C affected individuals, we observed a significant lod score of 3.6 for this chromosomal region on 4q31.21.
Six previous genome-wide scans have identified 6 chromosomal loci for HDL-C on 8q, 9p, 11q23, 15q, 16q, and 20q. 16 -20 In the current study, we observed lod scores Ͼ1.0 for 2 of these 6 loci: the loci on 15q and 16q. In addition, we also detected the region on 2q observed previously for HDL-C in the Utah and Finnish families. 28, 29 However, the only significant signal in the present study was observed for 4q31.21.
To select the region for further fine mapping, we used the lod Ϫ1 criterion, a heuristic approach that can generally be considered as somewhat arbitrary when investigating complex traits because this 4q31.21 region provided the only significant signal in this genome scan, and furthermore, when analyzing the families separately, 1 extended family alone resulted in a significant lod score of 3.6. Together, these results suggest that a gene in the region may contribute significantly to the low HDL-C levels in a manner resembling a single gene disorder at least in this 1 family, resulting in a significant lod score separately. If the employment of the lod Ϫ1 does not result in gene identification within this region, we will extend the investigated region to lod Ϫ2 in future steps of the fine mapping.
Fine mapping of the 4q31.21 region with 15 additional microsatellites and a marker density of 1 marker/0.68 cM allowed us to further restrict the lod Ϫ1 region from 12.2 cM, including 40 genes to 2.9 cM (Ϸ2.37 Mb), including 10 genes. However, as described above, we recognize that the application of the lod Ϫ1 strategy is somewhat arbitrary when investigating complex traits. Therefore, we sequenced all genes among the 40 genes that have a likely role in lipid metabolism (ie, TBDN100, RAB33B, UCP1, and ABCE1) but found no evidence for a variant cosegregating with low HDL-C in the 2 linked families examined. We also sequenced the 2 genes residing precisely under the fine map peak: PCDH18 and SLC7A11. The PCDH18 gene is a potential calcium-dependent cell-adhesion protein expressed in several tissues, and the SLC7A11 gene is a member of a heteromeric Naϩ-independent anionic amino acid transport system, highly specific for cystine and glutamate. Again, no evidence for a cosegregating variant was observed. In future studies, the 34 remaining regional genes need to be investigated. Finally, all SNPs identified in the linked families as well as the tag SNPs, provided by the HapMap Project and capturing most of the genetic variation in this region, could be tested for association with HDL-C in a Canadian population-based case-control study sample to identify the underlying gene. By using this strategy for the identification of the DNA sequence variants, we can also identify rare variants in addition to the common variants identified by the HapMap Project. This may be of importance because rare variants may have a role in individual families and because recent studies suggest that rare and common variants confer the susceptibility to low plasma levels of HDL-C in the general population. 6, 7 Because none of the probands in this study had a cellular cholesterol efflux defect, the functional role of the underlying gene for HDL-C in this region is unlikely to be directly linked to cellular efflux of cholesterol. Figure 2 . Multipoint analyses of the genome-wide scan and fine mapping for HDL-C on chromosome 4q31.21. The curve of 7 markers represents the multipoint analysis using all families, and the curve of 22 markers the multipoint analysis using a subset of 3 families. For a list of genes residing in the lod Ϫ1 region, see Table I. 
